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De Novo Hair Follicle Morphogenesis and Hair
Tumors in Mice Expressing a Truncated
b-Catenin in Skin
longer needed, but the dermal papilla cells must periodi-
cally transmit a signal to stem cells to initiate new follicle
downgrowth (Hardy, 1992).
The inductive signals exchanged among epithelial
components within the follicle and between follicular
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epithelia and mesenchyme are largely unknown; how-The University of Chicago
ever, recent studies suggest that the Lef-1/Tcf family ofChicago, Illinois 60637
DNA-binding proteins might be involved. Lef-1 mRNAs
are first expressed in E12.5 ectodermal placodes (Zhou
et al., 1995; Kratochwil et al., 1996). As the developingSummary
follicle assembles a dermal papilla, epithelial Lef-1 is
maintained at the growing tip of the hair germ and isAn effector of intercellular adhesion, b-catenin also
induced in the adjacent mesenchyme. Lef-1 null micefunctions in Wnt signaling, associating with Lef-1/Tcf
display a reduction in follicle numbers and lack whiskers,DNA-binding proteins to form a transcription factor.
thereby demonstrating a role for Lef-1 in hair develop-We report that this pathway operates in keratinocytes
ment (van de Genderen et al., 1994). Mesenchymal Lef-1and that mice expressing a stabilized b-catenin con-
may be important in whisker formation, as the processtrolled by an epidermal promoter undergo a process
is blocked in embryonic organ culture even if wild-typeresembling de novo hair morphogenesis. The new folli-
ectoderm is combined with Lef-1 null mesenchyme (Kra-cles formed sebaceous glands and dermal papilla, nor-
tochwil et al., 1996). Epithelial Lef-1 may be importantmally established only in embryogenesis. As in embry-
in the hair coat, since K14-Lef-1 transgenic mice displayologically initiated hair germs, transgenic follicles
perturbations in the orientation of whisker and bodyinduce Lef-1, but follicles are disoriented and defective
hairs (Zhou et al., 1995).in sonic hedgehog polarization. Additionally, prolifera-
One difficulty that precludes evaluation of the relativetion continues unchecked, resulting in two types of
importance of epithelial and mesenchymally expressedtumors also found in humans. Our findings suggest
Lef-1 in follicle formation is that whiskers are specializedthat transient b-catenin stabilization may be a key
follicles that share some, but not other, regulatory mech-player in the long-sought epidermal signal leading to
anisms with body hair follicles. The hairless mutanthair development and implicate aberrant b-catenin ac-
mouse, for instance, has wild-type whiskers but severetivation in hair tumors.
defects in hair coat (Cachon-Gonzalez et al., 1994). Inter-
pretations of the knockout studies may be further ham-
pered if other members of the Lef-1/Tcf family are ex-Introduction
pressed in follicles. Superimposed on these complex
issues are two more general questions: Which step(s)Hair morphogenesis is dependent upon a series of mes-
in the pathways of hair follicle morphogenesis, cycling,enchymal±epithelial interactions in embryonic skin (Hardy,
and growth is controlled by Lef-1/Tcfs? How does Lef-1992). The first signal is mesenchymal, instructing ecto-
1/Tcf function to regulate follicle formation?derm to form a hair germ; an ectodermal signal then
While downstream targets of Lef-1/Tcfs remain largelyinitiates the formation of a mesenchymal dermal papilla;
unknown, some insights into Lef-1/Tcf regulation havefinally, a second dermal signal initiates proliferation and
surfaced through the discovery that these factors candifferentiation within the developing epithelial compo-
partner with b-catenin and function in the Wnt/winglessnent to form the follicle and its sebaceous gland ap-
pathway (Clevers and van de Wetering, 1997; Gumbiner,pendages.
1997; Willert and Nusse, 1998). Activation by Wnt/wing-Once established during embryogenesis, the dermal
less leads to inhibition of the GSK3 kinase that causespapilla and upper portion of the follicle (including the
phosphorylation of b-catenin's N terminus and targetssebaceous gland) are permanent in postnatal life, but
its cytoplasmic pool for ubiquitin-mediated degradationthe remainder of the follicle undergoes cycles of growth
(Munemitsu et al., 1996; Aberle et al., 1997). Upon accu-(anagen), regression (catagen), and rest (telogen) (Figure
mulation, b-catenin interacts with Lef-1/Tcfs to generate1A; Hardy, 1992). Each time a follicle regresses, the
a functional transcription factor complex (Behrens et al.,dermal papilla contracts upward, coming into transient
1996; van de Wetering et al., 1997).contact with the permanent epithelial base, or bulge. This
Investigators have circumvented the normal require-
mesenchymal±epithelial interaction stimulates stem cells
ment for Wnt signaling by engineering an N-terminally
near or at the bulge to proliferate, reform the lower epi-
truncated form of b-catenin, which in vivo is stabilized
thelial portion of the follicle, and produce hair (Cotsarelis
constitutively and is not impaired in its ability to bind
et al., 1990; Wilson et al., 1994). In these cycles, the
E-cadherin, a-catenin, and Lef-1/Tcf members (Funa-
embryonic dermal signal (to make an appendage) and
yama et al., 1995; Munemitsu et al., 1996; van de Weter-
ectodermal signal (to make a dermal papilla) are no ing et al., 1997; Fagotto et al., 1998; Wong et al., 1998).
This form can still function as a transcription cofactor
(Molenaar et al., 1996), which is likely to account for its§ To whom correspondence should be addressed (e-mail: lain@
midway.uchicago.edu). effects on proliferation in intestinal epithelia (Wong et al.,
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Figure 1. Hair Structure, Demonstration of Transgene Activity in Keratinocytes, and Expression of Stable Transgene Product in Mice
(A) The hair follicle. The sebaceous gland, upper outer root sheath (including bulge), and mesenchymally derived dermal papilla are established
once, during embryonic hair morphogenesis. The lower portion cycles postnatally by a process involving transient stimulation of bulge stem
cells by dermal papilla. Matrix cells are transit amplifying cells that differentiate upward in concentric rings of cells, producing the hair shaft
and its inner root sheath. K14 promoter is active in basal epidermal and ORS cells.
(B) pTOPFLASH luciferase reporter assays. Mouse keratinocytes were transfected with pTOPFLASH, containing four consensus Lef-1/Tcf-
binding motifs, a minimal Fos promoter and luciferase reporter (van de Wetering et al., 1997). Transfections were performed with or without
K14-DN87bcat and CMV-hLef-1. Forty eight hours later, cells were lysed and protein extracts were assayed for luciferase. CMV-LacZ was
used to correct for transfection efficiency. Luciferase activity values (in light units) represent an average of three experiments, with variations
shown by error bars.
(C) Stick diagram of pK14-DN87bcat. Abbreviations: K14, 2100 bp of K14 promoter sequence (Vassar et al., 1989); arm; armadillo repeats; B,
BamHI; X, XhoI; Bg, BglII; int, b-globin intron; pA, polyadenylation signal.
(D) Immunoblot analysis of DN87bcat in transfected keratinocytes and in transgenic mouse epidermis. Cultured (basal) mouse keratinocytes
were transiently transfected with K14-DN87bcat or empty expression vector and 48 hr later, total proteins were extracted. Transgenic skin
from a neonatal heterozygote mouse (line 26) was subjected to treatment for 30 min with 2 M NaBr to isolate epidermis, which was then
frozen in liquid nitrogen and ground to a powder. After extraction, proteins were resolved by electrophoresis through 8% polyacrylamide gels
and subjected to immunoblot analysis using an anti-b-catenin antibody and ECL chemiluminescence. Proteins are from: lane 1, mock-
transfected keratinocytes; lane 2, DN87bcat-transfected keratinocytes; lane 3, control epidermis; lane 4, transgenic epidermis. Note: dermis
from control and transgenic mice showed no DN band (not shown). Migrations of standards, b-catenin, and truncated b-catenin (DN) are
indicated in kDa at right.
1998) and on axis duplication in Xenopus development and cycling follicles. Sonic hedgehog, usually polarized
(Funayama et al., 1995; Fagotto et al., 1998). Whether in its expression in normal hair, is now apolar, and the
the Wnt pathway functions in hair morphogenesis and/ angling of these follicles is perturbed. Finally, two types
or cycling has not yet been explored. Both Lef-1/Tcf of hair follicle tumors develop in these mice: one appears
members and b-catenin can be activated independently to arise solely from misexpression of b-catenin, and
of a Wnt signal (Willert and Nusse, 1998). the other is most likely dependent upon an additional
b-catenin can also act independently of Lef-1/Tcf, genetic mutation.
where it plays an essential role in cell±cell junction for-
mation (Barth et al., 1997; Gumbiner, 1997). In many
epithelia, b-catenin binds to cell surface E- and P-cad- Results
herins and also to a-catenin, forming a bridge to the
actin cytoskeleton (Adams et al., 1996). Microinjection DN87bcat Synergizes with Lef-1 in Keratinocytes
of antibodies against P- and E-cadherins interfere with to Act as a Transcription Factor
hair follicle morphogenesis in vitro (Hirai et al., 1989), We first designed a DN87bcat expression vector and
reflective of the extensive remodeling of epithelial cell verified that its behavior in keratinocytes is similar to
junctions that occurs during this process.
that described in other cell types. Upon coexpressionGiven the dual potential for b-catenin to regulate epi-
with a Lef-1 transgene, b-catenin concentrated in kera-thelial cell±cell interactions and influence Lef/Tcf signal-
tinocyte nuclei in addition to its normal sites of cell±celling, we wondered whether it might be involved in hair
adhesion (data not shown). Additionally, DN87bcat/Lef-1follicle morphogenesis. To test this hypothesis, we used
functioned to transactivate .20X a luciferase reporterthe well characterized and highly tissue-specific K14
gene driven by an enhancer containing multiple Lef-1/Tcf-promoter (Vassar et al., 1989; Wang et al., 1997) to drive
binding sequences (Figure 1B). When expressed alone,expression of an N-terminally truncated human b-catenin
DN87bcat still enhanced transcription, but to a lessermutant, DN87bcat, in the basal layer of the epidermis
extent, presumably due to low levels of endogenousand follicle outer root sheath (ORS). Remarkably, these
Lef-1 (Zhou et al., 1995). Whether Lef-1 and/or other Tcfcells become capable of inducing follicle morphogene-
family members function to activate or repress othersis, including development of dermal papilla and seba-
promoters in keratinocytes is an intriguing question be-ceous glands normally established only in embryogene-
sis, and production of hair shafts typical of both initial yond the scope of the present study.
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Expression of DN87bcat in the Epidermis
and Follicle Outer Root Sheath of Mice
For generation of transgenic mice, we used the K14
promoter, specifically active in the dividing cells of epi-
dermis and outer root sheath (ORS) of hair follicles (Vas-
sar et al., 1989; Byrne et al., 1994; Wang et al., 1997).
The purified transgene (Figure 1C) was used to generate
K14-DN87bcat mice from strain CD-1 (Vassar et al.,
1989). Polymerase chain reaction (PCR) of tail DNAs
identified mice that carried the transgene; RT-PCR veri-
fied transgene expression. Keratinocyte-specific ex-
pression of DN87bcat was confirmed by immunoblot
analysis of proteins isolated from epidermis and dermis
after their separation by 2 M sodium bromide (NaBr)
treatment of skin. Anti-b-catenin antibody detected an
80 kDa DN87bcat in transgenic epidermis but not in
dermis or control epidermis (Figure 1D). The intensity Figure 2. DN87bcat Transgenic Mice
of the DN87bcat was comparable to that of endogenous Shown are homozygous mice from line 28 at z2 months of age (A),
91 kDa b-catenin. Since endogenous b-catenin was compared to wild-type control littermate (B). Center inset shows
hind foot of homozygous line 28 mouse compared to wild-typepresent ubiquitously throughout skin epithelium, whereas
littermate.transgene expression was only in K14 promoter-active
cells (z10%±20% of this population), we estimate that
the level of DN87bcat is several-fold higher than endoge-
follicles, which were uniformly spaced, new invagi-nous b-catenin in basal epidermal and ORS follicle cells.
nations were randomly and often closely positioned.This is consistent with the anticipated increased stabil-
Remarkably, ventral paw skin remained unaffected evenity of truncated b-catenin. Although we were unable
in adults (inset to Figure 3D). This was also true forto detect nuclear DN87bcat, this was not unexpected
esophagus and forestomach, other nonhaired, K14-pro-given similar unsuccessful efforts in many cases where
moter active stratified epithelia.b-catenin is suspected to be nuclear (Gumbiner, 1997;
Multiple outgrowths also emanated radially from theClevers and van de Wetering, 1997; Willert and Nusse,
permanent, but not cycling, portion of ORS (Figure 3E).1998; Wong et al., 1998). Two independently derived
Such changes were prominent in backskin, where ab-mouse lines behaved similarly in this and all subsequent
normalities were not detected until several months afteranalyses, thereby attributing the observed effects to trans-
birth. Below the sebaceous gland, backskin follicles ap-gene expression and not chromosomal integration site.
peared morphologically normal. Radial ORS projections
seemed to develop in early anagen, as judged by the
short ORS stem between bulge and matrix bulb (FigureDN87bcat Mice Display Dramatic Changes in Skin
and Hair Coat, but Only in Haired Skin Regions 3E). Whether originating from interfollicular epidermis
as in dorsal paw skin, or upper ORS as in backskin,and Concomitant with Initiation of the
First Postnatal Hair Cycle invaginations quickly diverged from epidermal/ORS-like
to hair matrix±like in morphology.Despite strong transgene promoter activity by E14.5
(Byrne et al., 1994; Wang et al., 1997), an overt pheno- Epithelial invaginations stemmed only from cells where
K14 promoter activity was high. However, K14 promotertype did not emerge until 24 days postnatally when mice
of both lines began to display enlarged hind paws, which activity is strong by E14 and remains high in basal epi-
dermis of unhaired as well as haired skin. Thus, trans-eventually more than tripled in normal size. Homozygous
adults developed thick ridges in their skin and hair coat, gene expression alone was not sufficient to account
either for regional or temporal differences in the induc-particularly around the ears, eyelids, and nose (Figure
2). Several other abnormalities extended beyond the tive process. Rather, whether in interfollicular epidermis
or in ORS, DN87bcat-mediated aberrations seemed toskin; a detailed description will be provided elsewhere.
Beginning at about 18 days, histological differences require some additional factor supplied only by haired
skin, and which arose only at times that appeared tobegan to emerge between wild-type and DN87bcat dor-
sal paw skin. While most follicles remained morphologi- coincide with hair cycle initiation. This led us to wonder
whether the stimulus sensed normally by stem cells tocally at the resting stage as expected (Figures 3A and
3A9, respectively), a few unusual epithelial invaginations trigger the next hair growth cycle (Cotsarelis et al., 1990;
Wilson et al., 1994) might be sensed by DN87bcat-were seen (thin arrows in Figures 3A and 3B). Since
each preexisting follicle retained its original hair and expressing cells, prompting them to proliferate and in-
vaginate.since its orifice at the skin surface was clearly demar-
cated by this age (denoted by thick arrows in 3A), it was One obvious candidate for an internal change that could
act in concert with DN87bcat to elicit such a responseeasy to see that these epithelial invaginations arose from
interfollicular epidermis. Their number and size in- is Lef-1. In situ hybridization revealed that despite the
paucity of Lef-1 mRNAs in most areas of transgeniccreased rapidly, and by 21 days, they bore a resem-
blance to embryonic hair germs (Figure 3C). By 24 days, epidermis and ORS, they were present in the aberrant
invaginations of interfollicular epidermis and ORS (Fig-evidence of hair shafts could be seen in some invagi-
nations (Figure 3D). In contrast to preestablished hair ures 3F and 3G). Moreover, nuclear Lef-1 protein was
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Figure 3. Timing of DN87b-cat Skin Defects Correlates with Induction of Hair Cycle and Lef-1 Expression
Skins from d18, d21, d24, or adult (Ad) homozygous DN87bcat line (mut) and control littermates (wt) were fixed in Bouin's fixative, embedded
in paraffin, sectioned (5 mm), and stained with hematoxylin and eosin. Shown are representative sections of:
(A and A9) Dorsal (haired) paw follicles (hf) of transgenic and control at resting stage, depicting sebaceous gland (Sg), bulge (Bu), and retracted
dermal papilla (dp); small arrows denote aberrant interfollicular epidermal invaginations between two existing follicles, whose orifices are
denoted by large arrows.
(B) Higher magnification of interfollicular epithelial invaginations.
(C) Progression of invaginations to hair germ±like structures (hg), typical in the interfollicular epithelium of d21 dorsal paw skin; note abnormally
close juxtaposition.
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also detected in these invaginations, beginning early in 4E and 4F). Immunofluorescence staining with antibod-
ies against trichohyalin (shown) and hair-specific kera-their formation (Figure 3F9). Expression was maintained
at the base of these hair germ-like structures, similar tins (not shown) confirmed that the de novo follicles
underwent biochemical changes characteristic of hair-to mature wild-type follicles (Figure 3H). Thus, some
factor(s) present in haired skin at the start of hair cycles specific differentiation (Figure 4G). Counterstaining with
anti-K14 or anti-K5 antibodies revealed that interfollicu-caused a change in DN87bcat-expressing cells that led
not only to their proliferation and invagination, but also lar and upper ORS invaginations expressed these basal
keratins and that as de novo follicles differentiated, theirto Lef-1 expression and nuclear localization. Whether
this induction is direct or indirect remains to be eluci- expression became restricted to the ORS. At early times,
these follicles revealed proper organization of differenti-dated.
ation (Figure 4G); as the process progressed, differentia-
tion became aberrant biochemically (lower inset to Fig-Development of Epithelioid Cysts and
ure 4G). Overall, a strong correlation existed betweenTrichofolliculomas in DN87bcat Skin:
the ability of these de novo follicles to maintain properEvidence for Induction of De Novo
morphology and their maintenance of a proper biochem-Hair Morphogenesis
ical program of terminal differentiation.To quantitate the hair germ-like invaginations in DN87bcat
These epitheliod cysts with radial hair follicle-likeskin, we used d24 dorsal paw skin from control and
structures bore a striking resemblance to human tricho-transgenic mice. Nearly all epidermal segments between
folliculomas (TF), well-differentiated hair tumors com-preestablished follicles displayed at least one hair germ-
posed of cysts containing densely packed, misangledlike invagination resembling or exceeding in size the two
hair follicles (Figure 4C, Fitzpatrick et al., 1993). Scan-shown in Figure 3C. Some interfollicular segments were
ning electron microscopy confirmed that similar to hu-packed with as many as six of these germ-like struc-
man trichofolliculomas, the DN87bcat hairs that actuallytures. An overall increase of 300% 6 30% in invagination
broke the skin surface were misangled, irregularly posi-density was found in transgenic skin relative to control
tioned, and of varied diameters (not shown). However,skin. While an average of two new invaginations arose
whereas human trichofolliculomas generally arise asbetween each pair of preexisting follicles at d24, this
isolated tumors, development of DN87bcat trichofollicu-number is likely to be a conservative estimate, because
loma-like tumors was rampant, accounting for the deepnew invaginations continued to develop over time. Given
skin folds observed in these mice.that (1) subsequent hair cycles are not synchronized in
mouse, and (2) the skin morphology became grossly
aberrant over time, we limited our quantitations to the De Novo Postnatal Hair Follicles in DN87bcat
Mice Are Misangled and Have Apolarizedfirst hair cycle.
DN87bcat-induced hair-germ like structures rapidly Sonic Hedgehog Expression
Mammalian hairs are polarized at a specific angle rela-progressed to epitheliod cysts, which were abundant
in 3±4-month-old skin (Figures 4A and 4B). Outward tive to the skin surface (Hardy, 1992). A striking feature
of the de novo hair follicles formed in DN87bcat skin wasprojections from these cysts were recognizable as hair
follicles. These new follicles were densely packed, with their inappropriate angling and loss of polarity. While the
mechanisms controlling this process in normal skin havelittle or no interfollicular epidermis between them. In
contrast, an average of 20±30 interfollicular epidermal not yet been elucidated, it seems likely that follicles
sense position by some factor(s) that is itself polarized.cells spaced each hair follicle in comparable body re-
gions of control skin. Thus, while total skin surface area Sonic hedgehog is a factor that is expressed in the hair
bulb, but only in a patch at the side of the matrix closestwas increased as a consequence of cyst formation, this
increase was not nearly as great as the increase in folli- to the skin surface (Figure 5A; see also Bitgood and
McMahon, 1995). Since the Wnt pathway is often associ-cle density.
Whether arising from dorsal paw skin or from back- ated with the sonic hedgehog (Shh) pathway (Willert and
Nusse, 1998), we wondered whether (1) Shh might beskin, postnatal de novo follicles displayed characteris-
tics that are normally only evident during embryonic induced in DN87bcat-generated hair germs and (2)
whether misexpression of DN87bcat might have resultedfollicle morphogenesis. The bulbar portions encased
mesenchymal condensates, morphologically analogous in a change in Shh polarization. As shown in Figure 5B,
Shh mRNAs were indeed induced early in the formationto dermal papillae (Figure 4D), and many areas were
plentiful with sebaceous glands and hair shafts (Figures of aberrant DN87bcat hair germs in interfollicular dorsal
(D) Interfollicular invagination (at left) in dorsal paw skin with evidence of hair formation. Inset, ventral (unhaired) mutant adult paw skin with
wt morphology.
(E) Primordial hair germs projecting radially from permanent ORS of preexisting follicle; note short distance between bulge and hair bulb,
indicative of early anagen.
(F±H) Dorsal paw from d21 DN87bcat homozygous line (mut) or backskin from adult homozygous DN87bcat line (Ad mut) and control littermate
(wt), were processed for in situ hybridization with a Lef-1 cRNA probe (F±H) or for immunofluorescence microscopy with DAPI (blue) and a
Lef-1 antibody (red). (F9; denoted by white arrow). Shown are representative sections in: (F and F9) early interfollicular hair germ from dorsal
paw skin; (G) radial hair germ and hair follicle outgrowths from ors of a preestablished follicle; (H) wild-type follicle from adult control.
Abbreviations: epi, epidermis; ors, outer root sheath. Dotted lines delineate basement membrane separating epithelium from mesenchyme.
Bar represents 30 mm in (A)±(D), (F), and (H); 50 mm in (E), (F9), and (G); and 80 mm in (D) inset.
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Figure 4. Epithelioid Cysts and Trichofolliculomas in Adult Transgenic Mice and Human Patient: Evidence of De Novo Hair Morphogenesis
DN87bcat skin from adult paw or back (A, B, and D±G) and a human trichofolliculoma (TF) patient (C) were processed for histology (A±F) or
immunohistochemistry using fluorescently tagged or Vector System (Vector Laboratories, Burlingame, CA) secondary antibodies (G). Antibodies
are against K5 (red) and AE15 against trichohyalin (green, or lower inset, brown). Upper inset in (G) is at higher magnification to show de novo
transgenic follicles with normal concentric expression patterns, progressing from ors (K14/K51) to IRS (AE151). Note: AE13 against hair-
specific keratins showed staining in the center of the follicle (not shown).
Abbreviations: epi, epidermis; hf, hair follicle; hs, hair shaft; ors, outer root sheath; sg, sebaceous gland; hg, hair germ; dp, dermal papilla.
Bar represents 200 mm in (A), 65 mm in (B), 150 mm in (C), 60 mm in (D), 40 mm in (E) and (F), 75 mm in (G) and lower inset, and 25 mm in (G)
upper inset.
paw skin. As in wild-type follicles, Shh mRNAs were expressing at significantly higher levels than others
(frame B). In other cases, expression occurred in dis-restricted to the developing matrix cells in contact with
dermal papillae. However, in some hair germs, expres- crete patches on both sides of the matrix (inset to B).
Activated Shh binds to patched, a membrane receptorsion appeared to be random, with some matrix cells
Figure 5. Aberrant Expression of Sonic Hedgehog Correlates with Misangling of Hair Follicles in DN87bcat Skin
Skin from control littermate (A), or line 28 homozygote paw (B), or backskin (C and D) were processed for in situ hybridization with digoxygenin-
labeled cRNA probes for Shh or Ptc.
(A) Polarized Shh in wild-type hair matrix (noted by arrow).
(B) Apolarized Shh in mutant hair germ; inset shows 2 discrete spots of Shh in single mutant follicle matrix.
(C) Ptc in matrix of a misoriented ORS-derived hair germ.
(D) Shh in de novo follicles within a trichofolliculoma of adult mutant backskin. Note aberrant expression in outer root sheath (ors) and
apolarized expression in matrix.
Abbreviations: epi, epidermis; dp, dermal papilla, hg, hair germ; hs, hair shaft; TF, trichofolliculoma; ors, outer root sheath. Dotted lines
delineate the basement membrane, separating epithelium from mesenchyme. Bar represents 30 mm in (A)±(C), 60 mm in (B) inset, and 50 mm
in (D).
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that indirectly represses its own gene transcription in
the absence of Shh (Hooper and Scott, 1989; Ingham
et al., 1991). The matrix cells of developing de novo hair
germs displayed marked hybridization to a Ptc cRNA
probe (Figure 5C). The upregulation of Ptc mRNA ex-
pression suggested that the Shh detected in de novo
hair germs was active.
Early in the formation of these follicle-like structures,
Shh and Ptc mRNAs were restricted to the matrix cells
at the follicle base. As follicles became more irregular
and trichofolliculomas developed, Shh and Ptc mRNA
expression became more aberrant. Expression was still
in matrix cells, but some irregular follicles displayed
additional cRNA hybridization along the length of their
ORSs (frame D). This expanded pattern of Shh and Ptc
expression arose in cells that were also positive for
basal keratins, and thus for K14 promoter activity and
DN87bcat expression. Like the formation of the hair
germs themselves, expression required some additional
factor, since not all cells positive for transgene expres-
sion displayed Shh and Ptc induction.
Prior to the first postnatal hair cycle in our transgenic
mice, most if not all embryologically established hair
follicles maintained polarized Shh expression. Even after
hairs began to cycle and de novo follicles appeared,
preestablished follicles could often be distinguished in
that they maintained their orientation and polarization.
Notably, these follicles also maintained proper polariza-
tion of Shh. Thus, within the skin of DN87bcat mice,
particularly at early stages after initiation of the first
postnatal hair follicle, a mixture of follicles were seen: Figure 6. DN87bcat Mouse and Human Pilomatricomas and Expres-
sion of Hair Matrix mRNAssome with wild-type orientation and proper Shh polar-
Tumor (z1.5 cm) from a 7 month heterozygous line 26 mouse,ization and some with random angling and apolarized
stained with H&E (A and B) or hybridized with digoxygenin labeledShh expression. As the number of de novo hair follicles
Ptc cRNA, the Shh receptor (E and F). (C and D) human pilomatri-increased, the percentage of properly oriented follicles
coma stained with H&E. Classical features of these hair matrix tu-
with proper Shh polarization decreased. mors include basophilic, rapidly proliferating hair matrix cells at the
periphery, a thinner layer of granular cells more centrally, and large
masses of ªshadowº cells, or cellular ghosts, at the tumor center
(see inset). Bar represents 150 mm in (A), (C), (E), and (F); 15 mm inOlder DN87bcat Mice Develop Pilomatricomas
(B) and (D); 20 mm in insets. Dotted line denotes skin surface; arrowsAs DN87bcat mice aged, they developed visible tumors
in (F) denote basement membrane. Hf, hair follicle; epi, epidermis;(.1 cm in diameter), which by histology appeared less
GR, granular cells typical of IRS.
differentiated than trichofolliculomas (Figures 6A and
6B). A well circumscribed ring of highly mitotic, darkly
Discussionstaining basophilic cells with scant cytoplasm marked
the tumor borders. These cells resembled hair matrix
A Role for b-Catenin in Hair Morphogenesis
cells and were distinct from basal epidermal and ORS
Even though hair follicles cycle, they always retain and
cells in their nuclear to cytoplasmic ratio and staining reutilize the dermal papilla, sebaceous glands, and up-
pattern. Their identity was confirmed by their expression per ORS that are established (only once) during em-
of hair matrix cell markers, including Lef-1, Shh, and bryogenesis (Hardy, 1992). In contrast, many of the
patched (Figures 6E and 6F). Ptc levels superceded DN87bcat-induced, postnatal epithelial invaginations
those of surrounding follicles, a feature also seen in created their own dermal papilla and sebaceous gland
human basal cell carcinomas (Oro et al., 1997). However, and subsequently differentiated to produce an outer and
in contrast to BCC, the centers of DN87bcat tumors were inner root sheath and hair shaft. These data suggest
Ptc negative and were filled with enucleated cellular that transient stabilization of b-catenin may be the long-
ghosts. These ghosts resembled ªshadowº cells, the sought ªepidermal message,º which has been predicted
hallmarks of pilomatricomas (Figures 6C and 6D; Fitz- to occur when epidermis receives a ªdermal messageº
patrick et al., 1993). These tumors of the hair matrix are and responds by assembling a dermal papilla and form-
relatively common in humans but are extremely rare in ing an epithelial bulb around it (Sengel, 1990; Hardy,
mouse colonies. Shadow cells are a constituent of the 1992).
normal developing hair shaft (medulla) and are rarely While DN87bcat's effects might in part be due to alter-
ations in cell±cell adhesion, our data provide compellingseen in skin tumors other than pilomatricomas.
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evidence for a partnership between Lef-1 and b-catenin DN87bcat to interact with factors that Lef-1/Tcfs cannot,
including those in the wnt/wingless pathway and thosein mediating its action. In this regard, it is especially
intriguing that Lef-1 mRNAs and nuclear Lef-1 were de- involved in cell±cell adhesion. Furthermore, the regional
differences in hair phenotypes of K14-Lef1 and K14-tected early in the formation of DN87bcat-induced inter-
follicular and ORS invaginations. This further poses the DN87bcat mice imply the existence of regional variations
in factors that influence b-catenin and Lef-1/Tcf action.question as to whether the function of the epidermal
message in hair follicle formation might be to elicit this
response. The notion that Lef-1 and b-catenin collabo- A Role for Sonic Hedgehog in Follicle Angling?
rate in this process is consistent with our previous ob- Two key differences readily distinguished DN87bcat-
servations that epithelial invaginations also occur in epi- induced follicles from preestablished ones: (1) the folli-
dermis of mice expressing K14-Lef-1 (Zhou et al., 1995). cles were misangled relative to the skin surface, and (2)
they showed apolarized expression of Shh. While we
cannot unequivocally state that these processes areA Role for an As-Yet-Unidentified Accomplice
for b-Catenin in Hair Morphogenesis directly related, we can say that they were always linked;
within the same skin section, follicles that displayedA remarkable feature of the DN87bcat phenotype was
the dramatic regional variation in the response elicited. normal angling possessed polarized Shh expression and
those that exhibited misangling showed apolarized ShhAt present, we do not yet understand the reasons for
the differences in DN87bcat responsiveness. However, expression. The apolarization was highest in mice exhib-
iting the most pronounced phenotype, suggesting thatin all situations, the appearance of invaginations seemed
to coincide with the start of a hair cycle. Both temporally apolarized Shh expression may be linked to levels of
DN87bcat activity. Future experiments will be necessaryand regionally, many keratinocytes that were highly K14
promoter±active appeared unaffected, suggesting that to assess the nature of this interesting parallel; however,
our present findings suggest that Shh polarization maysome additional inductive factor(s) was necessary to
trigger the DN87bcat response. Since nonhaired skin play a key role in hair follicle angling and that activation
of b-catenin could reside upstream from Shh activationseemed to escape these aberrant skin changes, we fur-
ther posit that the inductive factor is one that is pro- in hair morphogenesis.
duced by hair follicles and released at or near the start
of a new hair cycle. Why Doesn't K14-DN87bcat Expression Affect
Given the role of dermal papilla in follicle morphogene- Embryonic Hair Morphogenesis?
sis and cycling, and the well-established regional varia- We attribute the lack of DN87bcat function in em-
tion in skin mesenchyme (Cotsarelis et al., 1990; Sengel, bryogenesis to one or both of two possible contributing
1990; Hardy, 1992), it seems plausible that a signal from factors: (1) the K14 promoter, while active at E9.5, is not
the dermal papilla might trigger the release of DN87 dramatically elevated until E13.5±E14.5, after the major
bcat's potency in interfollicular epidermis and ORS. This onset of follicle morphogenesis (Byrne et al., 1994; Wang
notion is consistent with the prediction that the ªepider- et al., 1997), and (2) to elicit a response, DN87bcat
mal messageº receives a signal from the underlying mes- seemed to require an additional factor, which in postna-
enchyme in initiating follicle formation (Sengel, 1990; tal skin appeared to be released at the start of the hair
Hardy, 1992). cycle. Given that Lef-1 is expressed in embryonic follicle
placodes (Zhou et al., 1995; Kratochwil et al., 1996) and
that DN87bcat expression leads to postnatal follicleDifferences between K14-Lef1
and K14-DN87bcat Mice morphogenesis and Lef-1 induction, it seems likely that
b-catenin and Lef-1 function together in embryonic folli-While some features of K14-DN87bcat and K14-Lef1
mice were similar, other phenotypic aspects were cle development. If the transient collaboration of b-cate-
nin and Lef-1 as a transcription factor can simultaneouslylargely nonoverlapping and cannot be readily explained
by simple differences in transgene potency. For exam- activate proliferation and influence b-catenin-mediated
remodeling of epithelial cell contacts, this would explainple, K14-Lef1 mice displayed disoriented and curly
whiskers not seen in K14-DN87bcat mice, while K14- many of the features of hair follicle morphogenesis.
That DN87bcat appears to enhance pluripotency ofDN87bcat mice displayed grossly enlarged paws, not
seen in K14-Lef1 mice. In addition, K14-Lef1 mice dis- postnatal interfollicular epidermis and ORS is intriguing
in light of studies on murine Tcf-4, a Lef-1 analog ex-played a disorganized hair coat beginning with emer-
gence of neonatal hairs, while backskin changes in K14- pressed in the intestinal proliferative (crypt) compart-
ment (Korinek et al., 1998b). Tcf-4 knockout mice dieDN87bcat mice did not develop until several months
after birth. These differences suggest that b-catenin shortly after birth and fail to maintain this population of
cells. Intestinal development, like hair follicle morpho-may not be functioning solely in tandem with Lef-1 in
skin. genesis, is dependent upon epithelial-mesenchymal in-
teractions, leading us to wonder whether Lef-1/Tcf fac-Recently, we discovered that mRNAs encoding Tcf-3,
a Lef-1 analog (Korinek et al., 1998a), are expressed in tors and their partners may play an important and
perhaps universal role in the activation of proliferationsebaceous glands and hair matrix cells (our unpublished
data). If Tcf-3 performs functions distinct from Lef-1, of stem cell reservoirs followed by a differentiation pro-
gram. In this regard, it is intriguing that the proliferationthis might contribute to hair-specific differences arising
from DN87bcat versus Lef-1 transgene expression. Ad- factor c-myc has recently been found to be activated
by Tcf4-bcatenin (He et al., 1998).ditional differences may also arise from the ability of
Regulators of Hair Follicle Morphogenesis
613
embedded tissue, antigen unmasking was performed according toThe Role of b-Catenin in Hair Follicle Tumorigenesis
Manabe et al. (1996). Primary antibodies used were: rabbit anti-Lef1The identification of two types of tumors in DN87bcat
(van Genderen et al., 1994); mouse monoclonal anti-trichohyalinmice is interesting in light of mutations in Ptc and/or
(AE15; Manabe et al., 1996) and anti-hair keratin (AE13; Lynch et
other Shh pathway genes in human basal cell carcino- al., 1986); guinea pig anti-K5 (Byrne et al., 1994). Fluorescence con-
mas, homogeneous human skin tumors whose cells re- jugated secondary antibodies were obtained from Jackson Labora-
semble basal epidermal and ORS cells (Hahn et al., 1996; tories (West Grove, PA).
Johnson et al., 1996; Dahmane et al., 1997; Oro et al.,
1997; Xie et al., 1998). When coupled with our finding In Situ Hybridization
Digoxygenin cRNAs were synthesized according to the manufactur-that Shh expression is apolarized in DN87bcat trichofol-
er's instructions (Boehringer Mannheim Biochemicals, Indianapolis,liculomas and pilomatricomas, these studies raise the
IN). A 5172bp mouse Lef21 cDNA, lacking the conserved HMGpossibility that both the Shh and the Wnt pathways may
sequences, was subcloned as an EcoRI-BamHI fragment into pCRII,play distinct, but perhaps interwoven functions, in hair
and cRNAs were made by either EcoRV linearization and SP6 RNA
follicle morphogenesis, cycling and/or patterning in polymerase transcription or BamHI linearization and T7 RNA poly-
mammalian skin. Aberrancies in either pathway seem merase transcription. CRNA probes from a 2.8 kb mouse Shh cDNA
to elicit abnormal growth leading to different types of in pBlueScript KS1 (Johnson and Tabin, 1997) were made by either
XbaI linearization and T7 transcription (antisense) or HindIII linear-hair follicle tumors.
ization and T3 transcription (sense). An 841 bp EcoRI fragment ofRecently, autosomal dominant mutations in the N ter-
mouse Ptc cDNA in pBlueScriptII/KS1 (Oro et al., 1997) was usedminus of b-catenin were found in some colorectal cancer
to make cRNA probes by either BamHI linearization and T3 transcrip-cell lines (Morin et al., 1997). While studies using an
tion (antisense) or HindIII linearization and T7 transcription (sense).
intestinal epithelial-specific promoter to drive an N-ter-
minally truncated b-catenin in mice did not result in
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